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ABSTRACT

• , 1

• The work 4es ibed—4ii—khi~s~r~epo~t invol ves the fabrication and

use of a small liber optic probe to measure (1) the transmission of

the ocular media which is the ratio of the total light intensity

reaching the retina to the total light intensity incident on the cornea,

and (2) the cross-sectional intensity profile of a minimally small

image. Information concerning the resolution of the eye is derived from

the small image measurements. \\

Critical parameters in the study of damage mechanisms in the eye are

the amount of light reaching t~~ retinal tissues as a function of wave-

length, and the size and shaçse of the relative light intensity distribu-

tion on the retina.

Measurements qf these quantities have been reported in the literature.

Most of the meastirements of the transmission of the ocular media were made

on excised eyes and most of the measurements of minimal retinal images were

made eith~~
’ 

on exc ised eyes, or were made indirectly on intact eyes by a

fundus /eflective or psychophysical technique. In this research direct,

In vi~6 measurements of these two quantities were made in the rhesus

monk# eye.

The transmission of the ocular media , measured on a l imited number

of animals , compares wel l wi th some of the best previously reported data.

The transmission was measured via a 600 micron diameter fiber optic probe

which collected all the l ight from a 200 micron diameter irrading laser beam.

Three lasers , providing seven wavelengths, were employed. —---
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~~he minimal images measured in the monkey eye were l arger than

values reported from subjective acuity tests or by diffraction theory.

Some of this poor qual ity could be attr ibuted to exper imental error ,

but perhaps the most sign ificant factor affec ting eye quality was the
fact that the neural controls for blink ing, tear ing, and micro-

accomodat ion, which aid the eye in forming a retinal image, were inactive

in the anesthetized animal . ~~f eye quality in the experimental pre-

paration is indeed poor, othe\ experiments invol ving fine visual detail

would be similarly affected.
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- INTRODUCTION

The work descr ibed in this report involves the fabrica-

tion and use of a small fiber optic probe to measure (1) the

transmission -)f the ocular media which is the ratio of the

total light intensity reaching the retina to the total light

in tensity incident on the cornea, and (2) the cross-sectional

intensity profile of a minimally small image. Informatio n con-

cern ing the resolution of the eye is derived from the small

i mage measuremen ts.

Cri tical parameters in the study of damage mecha flisms in

the eye are the amount of lig ht reach i ng the ret i nal t i ssu es

as a function of wavelength , and the s i ze and sha pe of the

rela tive light intensity distribution on the retina.

Measuremen ts of these quantities have been reported in the

l iterature. Most of the measurements of the transmission of

the ocular media were made on excised eyes and most of the

measuremen ts of minimal retinal images were made either on ex-

cised eyes, or were made indirectly on intact eyes by a fundus

reflective or psychophysical technique. In this research , dir ect ,

in vivo measurements of these two quantities were made in the

rhesus monkey eye.

Two fac tors which affect the quality of vision are: the

at tenuation of light in pre-retinal media , and the fidelity of

the ob ject - to - image mapping fuction. The fiber optic probe ,

used in the experiments discussed herein, provides some infor-

mat ion about these factors.

1.
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2.

Stud i es concern i ng the d ama ge to re ti nal ti ssue due to

rad iation from lasers and other intense light sources require

knowled ge of: the shape, size , and relative spatial intensity

distribution in the retinal image for a given corneal intensity

distribution; the absorption of light energy in specific ocular

tissues; and the amount of light reaching the retina (and ab-

sor bed in the tissues) as a function of wavelength.

Prev i ous i n v i v o measur emen ts o f the re ti na l i ma ge h ave

been ma d e us i ng the tem pera ture r i se d ue to d i rec t a b sor pt i on

of l ight of microthermocoup les , but a fiber optic probe affords

two advantages: increased sensitivity , an d the se para ti on of

tissue temperature rise information from light intensity in-

format i on.

Finally, the techniques outlined in this report allow

d irect measurements in vivo , although the animals are anesthe-

tized and otherwise altered by drugs and surgical trauma .

Most other retinal image measurements have been made in vitro

or indirectly, i.e., using psychophysical or fundus reflective

techn iques. 
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EXPERIMENTAL PROCEDURE

Develo pment of F i ber O pti c Probe

The f i ber op ti c probes use d i n thi s res earch were

either glass or quartz rods which had been drawn in a probe

puller to small tips. The smallest probes had tip diameters

of 10 microns; the largest probes had tip diameters of 40

m i crons.

The probes were vapor coated with a thin reflective

= coat of silver by means of a rotating probe holder within a

vacuum deposition chamber. The coating prevented light enter-

ing the probe at any point except the tip. Approximately 2000

Angstroms of silver were deposited while the probes were con-

tinuously rotating in a holder. Approximately one micron of

co pper was electrodeposited on the probes afterwards to pro-

tec t the s i lver f i lms .

The probes were mounted in a probe mount that contained

a Hamama tsu R7 6l photomulti plier tube photodetector. This

detec tor , chosen for its convenient small size and sensitivity.

Less than one m icrowatt of incident corneal irradiation was re-

quired to give an acceptable signal from a 10 micron diameter

probe. Th is detector was used to measure the profiles of mini-

mall y small i ma ges.

The cou pling between the probe and the photodetector was

accom p l i shed us i ng Dow Corn i ng 200, a v iscous optical coupling

flu id. The fluid was continuous from the end of the probe to

3.
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4.

the face of the detector. Use of this flui d allowed the probes

to be relatively short , a definite advantage in probe fabrication.

A large probe (600 micron diameter) was used for the measure-

ment of the transmission of the ocular media. The probe was fab-

ricated from a three inch length of 600 micron diameter quartz

fiber optic. The ends were broken nearly flat by first scoring

with a small file. On the detecting end of the probe a small

amoun t of Torr-Sea l resin was placed , and was ground flat after

curing. This formed a diffusing disk; the sides of the probe

were then coated with silver epoxy , so that light could enter

only at the tip.

The large aperture probe was intended to collect al l the

light in the beam , as is described in the Experimental Procedure:

Transmission of the Ocular Media section.

Experimental Apparatus

Sur gi cal Pre para ti on an d An i mal Pos iti onin g

The exper imental animal a 4 to 8 pound rhesus monkey , was

tran quil i ze d , anes thetized and prepared for surgical exposure

of the back of the left globe. The details of this procedure

have been reported earlier (8).

The an imal was restrained via ear and bite bars on a stereo-

taxic stand , and the left eye was sutured into place so that the

= 1 nodal po int was very near the center of rotation of the stereo-

tax. Us ing a Narishge micromanipulator and an Ol ympus stereo

d issecting microscope, a dr ill probe made from a tungsten micro-

electro de and driven with a Cavit ron ultrasonic dental drill ,

— -&•- — ---- ~~~
-.‘

~~ 
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was p laced at the des i red i nser ti on s i te on the sc i era.  A

small hole was made by carefully pulsing the ultrasonic drill

and slowly advancing the drill probe. The drill probe was

then remov ed and the fiber optic probe inserted. Details of

this procedure have also been reported earlier (1).

The stereotaxic stand was equipped with Superior Electric

stepping motors for automatic rotational movement in two d 1 -

rec tions. Position transducers (Hewlett-Packard 24DCDT-l000

l inear variable differential transformers) provided a signal

for prec i se , high-resolution indication of position. The hori-

zon tal resolution of the stereotax was 25 arc seconds (2.3

m icrons on the retina) per motor step; the vertical resolu-

tion was 16 arc seconds (1.5 microns on the retina) per motor

step.

The fiber optic probe was  scanned throu gh the retinal

image by rotating the eye about its nodal point. In some ex-

per i men ts , this was done in two directions , hor izontal and verti-

cal , so that a two-dimensional raster scan was made of the

retinal image.

The lasers us ed i n th i s work wer e a S p ec tra Phy s i cs Model
= 166 4W CW ar gon i on laser , a S pec tra Phys i cs Model 135 dye laser

w ith Rhodamine 6G dye , an d a Chromatix Model 1000 Nd:YAG laser.

The lasers  were moun ted on a grani te ta b le a pprox i ma tel y 3 me ters

from the table containing the stereotaxic stand and other equip-

men t. Variable exposure duration was provided by a Vincent Asso-

ciates shutter placed in the laser beam.

_ _ _ _  •
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Irrad i a tio n an d Fundus V i ew i ng System

As s hown i n F ig ure 1 , the laser beam was reflected into

the eye via a 50/50 beam splitter. A calibrated radiometer

(EG&G Model 580), received the beam transmitted through the

beam splitter and was used to measure the power during irra-

d iation. The fundus was viewed wi Lh a Zeiss fundus camera.

D irect viewing of the fundus allowed the laser beam to be p0-

sitioned at specific sites in the retina such as the macula

lu tea. This viewing technique also aided location of the probe

insertion site since the fundus camera light was visible

through the sciera on the back of the eye. The probe , once in-

serted , was usually vis ible through the fundus camera .

Var i ous lens es an d o ther op ti cal componen ts as re q u i re d

by a par ti cular ex per i men t were mounted on an o ptic al ra i l

in front of the beam splitter.

Ex per i men tal Con trol System

A Devices Ltd. Digitimer provided the master timing pulses

by wh i ch the shu tter , the stepping motors , and the data re-

cord i ng process were con tro l led.

- • 

The shu tter control circuit received “open ” an d “close ”

pulses from the Digitimer and operated the shutter accordingly.

The 2-D scan con trol circuit received shutter pulses , mo tor

stepp i ng pulses , and da ta sampling pulses from the Digitimer.

It then delivered the appropriate horizontal and vertical stepping

pulses , generate d a hor i zon tal mo tor reverse s i gnal , and also gen-

era ted two pulses for selecting and recording data. 

--~
---- .•—— - ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~ • • •~~~~ -~-4-~~~~~~~~~~~~~~~~~ r •~~~••~~ •
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Figure 1 . Experimental Apparatus.
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The stepping motor control circuits , one for each mo tor ,

rece ived the stepping pulses and reverse signals and trans-

lated these s ig nals i nto the dr i ver current re qu i red by the

mo tors.

Data Acquisition System

The signal voltages from the fiber optic probe , and the

hor izontal and vertical position transducers were routed to

three channels of an e ig ht channel Clev it e/Brush char t recorder.

The an i mal ’ s EKG was recor ded on another channel. The position

and fiber optic signals were low pass filtered to remove Un-

wan ted noise due to mechanical vibration or electrical inter-

ference. Also , an osc i l l oscope was use d to mon it or the f ib er

optic signal.

Referr i ng once ag a i n to F igure 1, the respec ti ve ou tp uts

of the Brush amplifiers were fed to three digital voltmeters.

The ou tpu ts of these vol tmeters , which were in digital binary-

code d-decimal form , were arranged so that either vertical po-

sition data and light intensity data were routed through a tele-

= type interface and recorded. The teletype , a Texas Ins t rumen ts

733ASR , has d igital cassette tapes on which the data were stored.

The data were la ter played back to the COC 6600/6400 computer

for off-line process ing.

Scann i ng M i rror System

The speed with which the two dimensional raster scan could

be made was greatl y increased by using a scanning mirror system.

~ • • • . .~~~~ • .. •:
~~~~~~~~~~~~~~~~~~~~~ ---- ~~ ~~~-—~~~ ~~~~~~~~~~~~~~~~~~~~~~~

—- -  -
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The op tical system is shown in Figure 2. The beam size

was ad justed with a telescope consisting of a 15 and a 5 cm

lens; the beam size was determined by measuring the number of

m irror steps between the beam peaks occuring at the -different

detector apertures. (See Probe Development and Transmission

of the Ocular Media sections.)

The scann ing mirrors (General Scanning AX200) were driven

in a 20 x 20 point raster pattern by the analog voltages from

two d igital to analog converters. The D to A converters were

programmed via a Motorola 6800 microprocessor system. The step

s ize  was eas i ly adjus ted by chan gi ng p ro g ram parame ters. The

m irror step rate was 10 steps per second; data acquisition was

v ia the Digital Voltmeter - Serdex - TI 733ASR system described

prev iously which operated at a 1200 baud transmission rate.

Transm i ss i on nf the Ocular Me di a

The transmission of the ocular media is herein defined as

the rat i o of the to tal li gh t i ntens i ty reach i ng the re ti na to

the total l ight intensity incident on the cornea.

A laser beam smaller than the dilated pupil was used. The

lasers used i n these measuremen ts were as fo l lows : The argon

ion laser (Spectra-Physics Nidek 166) provided tliree wavelengths;

1 455.5, 488, and 514.5 nm. The dye laser (Spectra-Physics Model

1 35 with Rhodamine 6G dye) provided three more wavelengths;

nominally 56 0, 590 , and 630 nm. A Chromatix Model 1000 Nd:YA G

laser prov ided a near Infrared wavelength of 1060 nm .

L - - • - ~~~~~~-- - _--
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Figure 2 . Optical Configuration for Scanning Mirror
System .
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A large aperture probe (600 micron diameter) was in-

serted in the eye to collect all the light in the beam. The

opti cal arrangem ent, shown i n Fi gure 3 , was used to form a

200 micron diameter (between l/e 2 points), collimated beam in-

side the eye which was direc ted on to the probe. The i ma ge

was v iewed through the fundu s camera; it appeared to be smaller

than the probe tip when the lenses were properly focused.

The measurement was ma de as follows . The image was centered

on the probe tip such that the peak response was obtained. This

value was recor ded , an d also the laser power transmitted through

the beam splitter ( see Figure 3) was recorded. The total power

incident to the lenses was also recorded. After the experiment

was over and the experimental animal was removed , the ra ti o of

the power reflecte d off the beamsp litter to the total incident

power , and the rat io of reflected power to power transmitted

throu gh the beam splitter was carefully measured with the radio- —

me ter for eac h wavelen g t h .

To calibrate the probe response , it s out put was measure d

when placed in the same system as before , with a 2 cm. focal

len gth lens replacing ghe eye of the experimental animal. The

power incident on the probe (i.e., ref lected off the beam s plit ter

and transm itted through the 2 cm. lens) was measured directly

with the rad iometer after the probe had been removed. The image

could be v iewed on the probe tip through the fundus camera, just

as In the eye. The probe was maintained at very nearly the same

angle for this measurement as it was in the eye. The output 
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vol tage of the probe -detector was therefore determined for a

given laser power incident on the probe tip.

The re flec ti on of li gh t at the contac t lens - a i r i nterface

and at the contact lens - cornea interface was calculated by

Kidwell (7) to be very nearly 3%. The measurement of the power

i nc i den t on the con tact lens therefore was r~educed by 3% prior

to calculation of the ratio of power inside the eye to power~ - 

-

incident on the eye. The formula for calculating the trans-

m i ss i on of the ocular me di a i s there fore:

T.O.M. = (Probe Output , mV)(Probe Calibration , W /rnV )

(Incident Corneal Power , W)(O.97)

M i n imal Image -- Transfer Func ti on

Illumina t ion —- Po i nt Source

The m i n imal i mage or poin t s p read func ti on , from wh i c h the

trans fer func ti on for the eye may be der i ved , can be obta i ned

by illuminating the cornea with a uniform plane wave.

The “un i form plane wave ~ re qu i res a near cons tan t li gh t

ampl itude across the cornea as well as a nearl y flat phase

curva ture. A TEM laser beam has a gaussian amplitude profile ,

and a phase curvature related to the beam divergence. If the

beam i s expande d and recoll i ma ted , bo th the amplitude and phase

requ irements can be satisfied.

The coll imated beam approximates a uniform plane wave

accord ing to the diffraction theory relatio nships developed in

Seigman (10).

~ 

- 
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S i x las er wave len gth s were used i n the m i n i ma l i ma ge

measurements. The ar gon laser provided 455.5 nm , 488 nm , and

514.5 nm; the dye laser , pumped by the argon , with Rhodamine

6G dye, provided wavelengths of approximately 560 nm , 590 nm ,

and 630 nm.

The dye laser is configured such that wavele ngth selection

is quickly and easily accomplished by means of a movable tuning

wedge within its optical cavity . Wavelen gths from the argon

laser were selec ted by means of narrowband interference filters.

M inimal time was required to change wavelengths during an ex-

per iment.

Il lum i nat i on -- L i ne Source

The ligh t source use d to form a li ne ima ge on the re ti na

was the same as that used by Robson and Enroth -Cugell (9), a

Chicago M iniature CM8-52 . This lamp had a ribbon filament which

measured 81 mm by 0.51 mm. It was mounted verticall y 4 meters

from the eye. The width of the filament thus subtende d 25.7 arc

seconds at the eye.

The lam p filament was operated at a current of 4.8A (l8.9V)

to g i ve a color tempera ture of 2900 de g rees C. 
•
The spec trum

of the outpu t li ght under th i s con di t i on , as de term i ned by Ro b son

and Enro th-Cugel l , was centered at ap p rox ima tel y 600 nm w it h a

bandw idth of 220 nm, neglecting the infrared output.
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Eye Prepara t ion

The an i mal was prepared sur gi cal l y as descr ib ed p rev i ousl y .

Special care was taken in handlin g the eye for these experi-

men ts so that m i n i mal dama ge or trauma o ccu rred. T he eye was

exam ined frequently through the fundus camera during the ex-

periment to determine the condition of the optics and the fundus.

Since the eyelid was held open during the experiment which

las ted severa l  hours , a hard con tac t lens was use d to ke e p the

cornea from drying. The curvature of the lens was based on mea-

suremen ts of a sam p le of monk ey eyes. A se t of lenses was o bt a i ne d

hav ing the measured curvature in powers of +1 , — 1 , +1 .5 , -1. 5,

+2 , +2.5 , +3 , and +3~ 5 D i o pt ers (D) .  The lenses were use d i n

focusing the image fn the eye at the probe tip. Barnes-Hine

con tac t lens we tti ng solu ti ons and ar tifi c i al tears were use d

with the lenses. Deionized water was used to rinse the front sur-

face of the lens after placement in the eye.

The pu pil was dilated and accomodation paralyzed with Neo-

Syr .ephrine during the surgical preparation. Some of the minimal

i mages were scanne d w it h no ar tifi c i al p up i l; o thers were sc anne d

with an artificial pupil of 4,3, 2, or 1 mm diameter placed di-

rect ly i n fron t of the eye , cen tered on the cornea.

Probe

The fiber optic probes used in these experiments were typi-

call y 10. to 15 m icrons in tip diameter. They were silvered and

copper coa ted as described in the probe development section.

The sens itivity of the photomultipl ier tube proved to be very

~~~~~~~~~~~~ 
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convenient since only a small portion of the collimated

laser beam entered the eye and excessive laser power was not

requ ired even though the light levels in the eye were rela-

tively low. The photomu l tip l ier was especially valuable in

measur ing the images of the line source. The spectral response

of the photomu ltiplier was sufficient for all of the visible

wave len gt hs em p loyed , and effectively filtered any near infra-

red or lon ger wav el eng th li g ht .

The depth of the probe was not determined exactly, but the

tip of the probe was visible well in front of the neural layers.

Table 1 shows the displacement of the focal plane with respect

to focus error (or dioptric correction) in a monkey with typical

total  refrac ti ve power of 72.6D. The pos i t ion o f the p robe tip

with respect to the eye ’s natural focal plane would have an

effect on the corrective lens required for optimum focus.

Scans - -  Point Image

The image was usual ly  p laced  on the micro probe t ip  w h i l e

v iewing the fundus and a l so  watch ing  the osc il losco p e fo r the

signal to appear. Once the image was located , the central peak

was found by adjusting the stereotaxic apparatus in both the

hor i zon tal and ver ti cal d i rect i ons. The i ma ge was then ro tat e d

off the probe , the s te ppi ng mo tor was reversed , and a scan was

made , mov ing one horizontal motor step (25 arc seconds) between

eac h shutter pulse of approximately .25 second duration. The

intens ity profiles were filtered and recorded on a Brush chart

recorder.

_________________________________________ — ---~--—‘——— —•-— _f• _ _______ __•_ £•k••~
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TABLE 1

Focal Plane Displacement with respect to

Focusing Error in the Rhesus Monkey Eye

Uncorrected Power 72.6 D

n 1.0 n 1.336 ‘—.--‘

Focus Error , D Total Power , D 1, mm ~f, mm

0 72.6 18.-’40 0

+1.5 711.1 18.03 0.370

+2. 0 714 .6 1 7 . 9 1  0. 1190

+2.5  ~7 5 . 1  17 .79  0 . 6 1 0

+3.0 - 75.6  17 .67  0.730

+3.5 7 6 . 1  17.56 0.8110
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Sc ans - -  Line Images

The line images were scanned in similar fashion as the

point images. A vertical peak was located , although it was

broader than ~he vertical peak of the point images. The scan

was taken one motor step at a time. The width of the image

was deter mi ned from the chart record ; steps were taken once

per second and the chart moved one millimeter per second.

For both the point images and the line images , the first

scan was made with a 0 diopter contact lens and no artificial

pupil on the eye. Contact lenses of incre ~ sing power were

placed on the eye for subsequent scans. The lens which pro-

duced the narrowest image ( as measured between the half-height

- 

- 

points) was considered to be optimum. The “optimum focus ” was

obta ined with the optimum lens and a slight tweaking of the

hydraulic microdrive which varied probe depth in 2 micron in-

cremen ts.

When the “optimum focus ” was found , sca n s were made with

4, 3, 2, and 1 mm pupils placed directly in front of the eye

and centered on the cornea. In the case of the laser -- point

images , scans were made at six wavelengths.

Data Ana l ys i s  -- Line Images

The data were cor rec ted  for the e f fec t  of using a f i n i te -

size probe in sampling the image. The measured image was  con-

sidered a convo lution of the probe (a circular aperture) with

a “ true ” image. The Fourier transform of the measured image

was therefore a produc t of the transforms of the circular aper-

ture and the “true ” image. -

4
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The “true ” image was obtained by dividing the transform

of the measured image by the transform of a circular aperture.

The transform of the aperture was smoothed to avoid dividin g

by zero.

The method was tested using a gaussian fuction , a = 1 arc

m inute, as a hypothetical “true ” image profile. This function

was perturbed by multiplying its transform by the transfo rm

of the circular aperture and taking the inverse transform . The

or ig ina l  and perturbed profiles are shown in Figures 4 and 5 ,

where it can be noted that the width between half height points

is a p p r o x i m a t e l y  10% larger  than the o r ig ina l  p ro f i le~
The t ransform of the cor rec ted  p ro f i l e  is the product of:

the t rans form of the or ig ina l  func t ion , the t ransform of the

circular aperture , the truncated inverse function , and the smooth-

ing func t ion. The correc ted p ro f i le , found by taking the in-

verse Fourier transform of the above , is shown in Figure 6. The

wid th  between half height points is within 2% of the original

function.

The transforms of corrected line image profiles were obtained

from the products of: the transform of the measured image (“ raw ”

da ta points from the chart records with sufficient zeroes sup-

p lied to make 128 point s per profile were transformed using a one

d imensional FFT routine), the truncated inverse function , and the

smoothing function. The corrected line image profiles were ob-

ta i ned by i nverse Four i er t ran sforma ti on. Eac h o f the 12 8 po i nts

i n the arra ys corr es p on d ed to one mo tor s te p, or 25 arc seconds .

= 
The laser beam was d isplaced approximately 2 .3  microns at the

— - • --- .- _ I__ _ ___
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ret ina per step. The 14 micron aperture used in the scans

therefore corresponded to 6 points in the 128 point array.

The width of the line filament (.51 mm at 4 M) was approxi-

ma tel y 25 arc seconds , or one point of the 128 point array.

Th is width had a negligible effect on the measured profile com-

pared to the effec t of the probe.

Data An alys i s -- Po i nt Ima ges

The anal ys i s d i scussed for the li ne i ma ges can be ex tende d

to two d i m e n s i o n s .  In this case, since only a one-dimensional

cross section of the point images was obtained , an estimate of

the amoun t of spread in the measured image was calculated by

us ing a two dimensional gaussian profile. This estimate would

then su ggest that the measured images were larger than the “ t rue ”

images by some approximate amount. If the measured images were

“correc ted” as i n the case of the li ne i ma ges , the entire two

d imensional image profile would be needed .

The s p rea d of i ma ge p ro fi les depends on the ra ti o o f the

image profile diameter to the probe diameter. Table 2 shows

— 
the per cent spread of gaussian image profiles for probe diame-

ters of la, 2a , 5a , an d lOc with respect to the beam standard

devia tions , a. If the measured image was corrected for probe

perturba tions the 12% increase in half height associated with

2a probe d iameter would be reduced to one percent.
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TABLE 2.

4 
Spread of Two Dimensional  Gaussian Prof i les

due to F in i t e  Probe Size

Probe Diameter  Per Cent Increase in

Ha l f—Hei gh t  Width

ia 5%

2o 12%

5~, 50%

lOa 125%

- .—1— -I-~~ -~. - - ~~~~~~~~~~~~~~~~~~~ -.
~~~~~~~~~~iIe. ~

J k —
~~~~ -

— ~~~~~~~—- — —~~~— ~~~~~~ -~~~ 
- — ~~~~~~~~~~~~~~~~~~~~



_ _ _  _ _ _ _ _ _ _ _ _
~JJT~~~iL— —•- --- - -.-—

~~~~~
- 

- -

RESULTS

L i ne Ima ges

Images of the tungsten line filament described pre-

viously were obtained in three monkey eyes , numbered 9877 ,

02077 and 121677.

The f i rs t task once t he fi lamen t i ma ge was p laced on

the probe tip i n the monke y eye was to scan the ima ge w i t h

con tact lenses of varyin g powers so as to find the best focus.

F ig ure 7 shows four scans a t lens powers of 0 D , +1.5 D , +2 D ,

and a repeat at +1.5 D for Monkey 9877. The scan at +1.5 D

was narrowest between half height points , and was there for e

considered the “bes t” focus.

Figure 8 shows scans at +1.5 D , +2 D , +2.5 D , +3 0, and

+3.5 D for Monkey 92077. Another scan is shown at +3.5 D after

the probe ~td been driven inward slightly (10 to 20 microns),

pro ducing a still smaller image. This image was accepted as the

“best” focus , since no higher power corrective lenses were a-

va ilable.

The re tina of Monkey 121677 had detached prior to probe

insert ion; of ten i t was d i f fi cult to insert a p robe p as t the

detached tissue layers. In this monkey , i nstead of the smal l

hole i n the sc lera , a lar ge hole was cu t w i th a scal pel so the

probe could be completely inserted into the eye. Only a small

amount of vi treous humor leaked out of the eye; it remained
- 
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Figure 7. Monkey 9877 Misfocused Scans at Corrective
Lens Powers  Shown .
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otherw i se in tac t . The “optimum focus ” was fou nd with a 42.5 D

lens by moving the probe in and out with the micromanipulator.

For each monkey , scans were taken at “best” focus with no

artificial pupil , and also for pupils of 4, 3, 2, and 1 mm

centered d irectly in front of the cornea. The data were digi-

tized directly from the chart records for input to the computer.

The images were corrected for the finite probe size by the me-

tho d descr ib ed earl i er , and are shown in Figures 9 through 11.

These corrected i ma g es are es ti ma tes of the eye ’ s li ne s p read

funct i on for each pu pi l con diti on.

The normal i zed Four i er transform s of the correc te d i ma ge

prof iles are shown in Figures 12 through 14. These transforms

represent estimates of the eye ’s modulation transfer function

for each pupi l con di t i on.

A cr iterion relating optical resolution of the eye to the

li ne spread func ti on i s t h e rela ti ve w i d th of the li ne spread

function profile. The widths between half height points of

the correc ted image profiles , in arc minutes, for the three

monke ys and all pupil conditions are given in Table 3.

Po int Imaqes -

Ret inal images formed by ex panded , coll i ma ted laser beam s

(see previous descri ption in Experimental Procedure section)

were ob tained from two monkeys, num bered 72177 and 10477.

The “best ” focus was found in the same way as for the line

Images. In Figure 15, scans are shown at corrective lens powers

-~~~~~~~~~~ A
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TABLE 3

W idths between Half-Height Points

for  Corre cte d Line  Ima ges

Monkey  Pu pi l Con di t ion Wi d t h b etween
- Half—H eight Points

(Arc Minutes)

9877 No Pupil 5.5

1~ mm 7 . 6

3 m m

2 m m  3 .9

1 mm 5.8

92077 No Pupil 6.2

14 mm 7.2

3 m m  7 . 2

2 m m  6.1

1 mm 5 . 6

121677 No Pu pi l

14 mm 3.2

3 m m  2 . 8

2 mm 3.1
- 1 mm ‘4.8

- 
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of 0 D, +1 .5 0, +2 D , +2.5 D , +3 0, and a repeat at +2.5 D

for mon key 10477. The +2.5 D correction was considered “best” ,

even though the repeated scan gave a larger image than the

first scan. The image was still smaller than the +3 D image.

The wavelen gth employed for these scans was 514.4 ntn .

For mon key 721 77 , the “best” focus was found at approxi-
- mately 590 nm , and scans were then taken at approximately

630 nm , and at approximately 560 nm , with no artificial pupil.

Since the probe was at the same depth , these scans attempted to

measure a change in the point ima ge with respect to wavelength;

i.e., to attempt to demonstrate a chromatic aberration effect

in the eye.

Returning to the red wavelength (630 nm), the probe was

dr i ven i n an d ou t sl ight ly and scans were ta ken un ti l an i ma ge

sl igh tly s ma ler than the p rev i ous o n e w as o btai ned. Scans we re

then made w i t h  4 , 3 , 2 , and 1 mm art i f ic i al pu pi ls .  W it h the

1 mm pup il i n p lace , the wavelength was changed to blue (488 nm),

purple (455.5 nm), and green (514.4 nm). The scans for monkey

72177 are shown in Figures 16 and 17.

For monke y 1047 7, when the “best” focus was found , scans

were taken at 514.5 nm , 488 nm , and 455.5 nm with no artificial

pupil , and pup i ls of 4 , 3, 2 , and 1 mm cen tered i n front of the

cornea. The scans for monke y 10477 are shown in Figures 18

throug h 20.

The preceding scans were d ig i t i zed  d i rec t ly  from the char t

records for computer p lo t t ing .

The w id t hs between ha l f  height po in ts , shown in Tab le  4 ,

are s l igh t l y  larger in the measured image p ro f i les  than they
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Figure 18. Monkey 101477 Point Images at 1455.5 nm at
Art ificial Pupil Sizes Shown .
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Figure 19. Monkey 10~477 Point Images at ‘488 nm at
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TABLE ~

W idths between Half—Height Points for Point Images

Monk ey Pupil NM Width between Probe Corrected
Half—Height Corr . Width
Points (arc m m )  Factor Arc Mm

72177 None 630 2.2 0.9 1.98

14 mm 630 2.0 0.9 1.8

3 mm 630 2.2 0.9 1.98

2 mm 630 2.5 0.9 2.25

1 mm 630 3 .8 0.92 3.5

None 590 3.2 0.9 2.88

None 560 2.8 0.9 2.52

1 mm 51 14.5  14.2 0.93 3.91

1 mm 1488 4.0 0.93 3.72

1 mm 1455.5 5.3 0.95 5.014

1 01477 None 514.5 14.8 0.9 14 14.51

14 mm 514.5 3.1 0.9 2.79

3 mm 51 14 . 5  ‘4 . 0  0.93 3.72

2 mm 5114.5 3.3 0.9 2.97

1 mm 51-14 .5 3.0 0.9 2.7

None ‘488 3.6 0.91 3.28

Il mm 1488 3 .2  0 .9  2.88

3 mm 1488 3 . 2  0 . 9  2.88

2 mm 1488 3 .0 0.9 2.7

1 mm 1488 2.0 0.9 , 1.8

None 4 55.5 3. 14 0 . 9  3 .06
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14 mm ~455.5 14 • .14 0.93 4.09

3 mm 1455.5 3. 1 0.9 2.79

2 mm ‘455.5 4.2 0.93 3.91

1 mm ~4 55 .5  ‘4.2 0.93 3 .9 1
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would  be in the “t rue ” image p ro f i l es  due to the f i n i t e  s i z e

of the probe. The a n a l y s i s  of the two d imensional  gauss ian

p ro f i l es  d i scussed  in the Exper imenta l  Procedure sec t ion  shows

that the probe spreads the image by an amount up to 10% for

the smallest images encountered here. The widths of the measured

image profiles , reduced by the appropriate scalin g factors de-

termined f rom the a n a l y s i s , are a l s o  shown in Tab le  4.

For the modu la t i on  t ransfer  funct ion  to be ob ta ined  di-

rect ly  from a point  image p ro f i l e , the comple te  two d imens iona l

p ro f i le  of the point  image is requ i red .  If the two d imens iona l

p r o f i l e  i s  k n o w n , or if the one dimensional profile can be con-

sidered to be circularly symmetric , the modulation transfer

function can be obtained by performing a Fourier transformation

in two d imens ions .  A l t e r n a t i v e l y ,  a l ine spread func t ion  can

be c a l c u l a t e d  from a supe rpos i t i on  of point  spread func t i ons

( 6 ) ,  and a one d imens iona l  Four ier  t rans fo rmat ion  can be per-

formed on that funct ion.

Transmiss ion  of the Ocular  Media

Measurements of the t r ansm iss i on  of the ocu la r  media were

made in two rabbi ts and two rhesus monkeys at wave leng ths  of

455 .5  nm , 488 nm , 514.5 nm , 560 nm , 590 nm , 630 nm , and 1060 nm.

The measurements were made w i th  the 600 micron aper ture probe.

The rabbit data are shown along with the rabbit ocular trans-

mission curve of Geeraets and Berry (3) in Figure 21. The data

from one monkey (32178)  are shown in Figure 22, a lon y  w i t h  the

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _
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mon key ocu l ar t ransmiss i on curve o f Geerae ts an d Berry . T h e

cornea of the second monkey (31778) clouded early in the ex-

periment and remained so throughout; the reduced transmission

values are shown in Figure 23 with the curve of Geeraets and

Ber r y .
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D I S C U S S I O N

Line and Point Images

There is no clear cut relationship of the widths

between half-height points of the measured line ima ges and

the sizes of the artificial pupils. One point (Monkey 9877 ,

2 mm pupil) is very close to the data of Enroth -Cu qell for

the same pupil condition in the cat. The images for no pupil

are slightly better than those of Enroth -C ugell. For Monkey

92077 , the image profiles may not represent the “best” focus

for the eye , since they are typically 50 to 60% larger than the

images of Monkey 9477 , and the attempts at finding the best

focused image ended with the use of a +3.5 Dipter contact lens ,

the strongest on hand. The data from Monkey 121677 are better

than all those of Enroth -Cugel l for the cat except for the 1 mm

pupil condition.

One point might be made here; the illumination for the

point images is coherent, while the illumination f o r  the line

images is incoherent. The inherent differences in the behavior

of incoherent and coherent light , the most significant of which

is that coherent light amplitude is linearly mapped in space ,

while it is the incoherent light intensity which is linearly

ma pp ed i n s pace .  Howev er , the intensity distribution produced

by a coheren t un if orm p lane wave a t the cornea i s th e s ame , ex-

ce pt for a scal i ng factor , as that which would be produced by

an inco heren t un i form p lane wave

- 50.
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Westheimer (12) has found that , using the method and re-

sults of Jones (6), point spread functio ns , when used to cal-

culate line spread functions similar to those he measured in

human eyes, are approximately 2/3 as wide between half height

points as the corresponding line spre~td functions. Table 5

shows the corrected widths between half height points of the

laser point images , (previousl y shuwn in Table 4), multiplied

by 1.5 , thus giving values for widths of hypothetical line

spread functions derived from the point image data . The fig-

ures for Monkey 72177 (no pupil) are a little more than half

the size of the measured line images of Ilonkey 9477 , as w e l l

as those of Enroth-Cugell in the cat. The figures for Monkey

72177 with a 1 mm pupil are s l igh t ly  larger than the measu red

line images , which are all more than twice the size of the

best image obtained by Enroth — Cugell for a 1 mm pup i l.

Al l of the figures for Monkey 10477 are from 15% to as much

as 85% larger than the widths of the measured line images for

Monkey 92077 , the poorer of the two line image experiments.

The images for Monkey 92077 have already been sL~ggested to

be out of focus. The eye of Monkey 10477  may possibly have been

of poorer qual i ty than the other three.

The state of the eye , which -may change during the course

of an ex per i ment , is possibly a significant factor in the quality

of the image data obtained. Improvement was noted in the qualit y

of i ma ge s when the conta ct lens was rem oved , r i nsed and re p la ce d

in the eye following the instilling of artificial tears. The

condit i on of the cornea and fundus was di ffi cul t to judg e , unless

L.. ~~~~~~~~~~ . 
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TABLE 5

‘ Widths between Half Height Points of Equivalent

Line Images Calculated from Widths of Point Images

Monkey Pupil NM Corrected Width Equivalent Width
Point Image Line Image

72177 None 630 1.98 2.97

14 mm 630 1.8 2.7

3 mm 630 1.98 2.97

1 mm 630 3.5 5.25

None 590 2.88 14.32

None 560 2.52 3.7 8

1 mm 5114.5 . 3 . 9 1  5.87

j 1 mm 1488 3.72 5.58

1 mm 1455.5 5.014 7.56

101477 None 5114.5 4.51 6.77

~4 mm 5111.5 2.79 11.19

3 mm 514.5 3.72 5.58

2 mm 51’4.5 2.97 14 .146

1 mm 5111.5 2.7 14.05

None 1188 3.28 ‘4. 92

‘4 mm 1488 2.88 ‘4 .32

3 mm 488 2.88 ‘4 .32

2 m m  488 2.7 11.05

1 mm 488 1.8 2.7

None 1455.5 3. 06 14.59

— 

‘ ‘

—.__—_ —.-—--— .- —- - --- ~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~ ~~-. 1±- -. — ~ J ~~~~~~~~~~~~~~~ ._ —~ _ - ~~~~~~~~



— 
~~~ -~~~~~~~~LL..__ ~~~~~~~~

53.

II mm 1455.5 11.09 6.1 14

3 mm 1455.5 2.79 14.19

2 mm 1155.5 3.91 5.87

1 mm 1155.5 3.91 5.87
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something was drastically wrong. The appearance of the fundus

in the Fundus camera could be misleading for two reasons~ (1)

the focal plane of the image should be near the probe tip, which

is in front of the retinal layers and blood vessels , and (2) the

eye of the observer  can correc t for erro rs in focus o f e ith er

the an i mal ’ s ey e or th e fun d us camera , and it can also correct

for some spherical aberration.

The eye of the animal , while in vivo , is definitely out of

its “natural state ” , the state in which there is a proper amount

of tearing, blinking, and psychophysical controls to aid the

an imal in forming an image.

Very small images are noted by W estheimer (11) in which the

aerial images reflected off human fundi were scanned. In this

wor k , each subject fixed his eye at a target point behind the

s t imu l us , rather than on the stimulus itself. The best point

images were calculated by Gubisch (5) from measured modulation

transfer function derived from subjective (human) perception of

variable spatial frequency qratin c~s (2). In this latter work , the

characteristics of the optical system were separated from the total

system. Nevertheless , the focus and other fine adjustment of the

o pt i cal sys tem shou l d have been o pti mum or nearl y so , due to the

closed loo p control of the overall visual system. Their data are

near the dif frac t ion li m it for al l  p u pi l s i zes em p loyed. L i ne

images , re f lec te d off human fun di , were also measured by Campbell

and Gu bisch; their results were comparable to line images derived

from the p sycho phy s i ca l measuremen ts.

The v isual acuity of the rhesus monkeys used in the experi-

men ts , although not individually determined , ha s been measured

- - _

- —- ~~~~~~ - ~~~- _- — -  —-I — - --



55.

for other monkeys of the same species using a system in-

volvin g the perception of the position cf the gaps in Lando it

C-rin gs (4); a task not unlike the perception of gaps of letters

in the standard eye chart -for humans. The acuity of the monkeys

tested was 20/20 or better. The qua l 4ty of a “nor m a l ”  monkey

eye should be very comparable to that of a “ normal” human eye.

The contact lenses in corrective powers were specially made

to fit the eye of an “average ” monkey . This does not insure a

perfect fit on each monkey used , of course , and poor lens fit may

have contributed to the problem of obtainin g small images.

The best point image data obtained in this work was for

Monkey 72177 with all pupil conditions at 630 nm; with no pupil

at 590 nm and 560 nm , and with a 1mm pupil at 488, 455.5 , a n d

514.4 n m . (See Table 4) The width (between half-height points)

of even the best of these points ( 3 mm pupil , 630 nm ) is nearly

4 times larger than the diffraction limited spot for the same

con dition (See Table 6).

Ano ther poss ible problem i n the measuremen t o f these i mag es

is the error introduced by rotating the eye; i.e., tie rotation

of the cornea as well as the retina and the resulting spread of

the measure d image.

To investiaate this problem , a scan was made of the image

of the line source produced by a 2 cm focal lens with a nominal

3 mm pupil. The lens was placed in the same position on the

stereotax as an eye would be. The scan was made rotationally,

just as in the eye , and a lso  was made by transla ti ng th e p ro be

with respect to the image in 1.11 micron steps via an hydraul ic
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TABLE 6

Diffraction Limited Spot Diameters

Pupil NM An gular Width Angular Width
Diameter between First between Half—Heig ht

Zeroes (arc m m )  Points (arc m m )

14 mm 1155.5 0.96 0.4

3 mm 1155.5 . 1.26 0.54

2 mm 1455.5 1.9 0.8

1 mm 1455.5 3.8 1.6

mm 1488.0 1.014 0.411

3 mm 1488.0 1.36 0 .56 -
,

2 mm 1488.0 2.04 0.86

1 mm 488.0 14.10 0.90 - I - -

14 mm 514.5 1.06 0. 146

3 mm 5114.5 1.144 0.60

2 mm 5114.5 2.16 0.90

1 mm 514.5 ‘4.30 
- 

1.80

4 mm 560.0 1.16 0. 146

3 mm 560.0 1.54 0.611

2 mm 560.0 2.30 0.96

- 1 mm 560.0 14.6 - 1 .9 2

14 mm 590.0 1.214 0.54

3 mm 590.0 
- 

1.614 0.70

2 mm 590.0 2.146 1.014

1 mm 590.0 14.914 2.06

11 mm 630.0 1 . 3 2  - 0 . 5 5

L 
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3 mm 630.0 1.76 0.7 14
2 mm 630.0 2.614 1.10

1 mm 630.0 5.28 2.21
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m icrodrive. Comparison of the two scans showed that the rota— - -

tional scan was from 6 to 9% wider at half height points than

the translational scan. The rotational scan apparently accounts

for only a small error in the measured images.

The sizes of minimally small imaoes limit spatial resolu —

tion in that , if two imaaes are placed close enough together , the

algebraic sum of the two profiles contains no discernible “dip ”

in the center , and is indistinguishable from a single image pro-

file.

The Rayleiah limit of resolution for diffraction limited op-

tical systems occurs when the peak of one Airy disk (point ima ge

profile) occurs at the first zero of another disk. The algebraic

sum of these so—displaced functions contains a 25% “dip ” in the

ceter; indeed , the profiles could be moved somewhat closer to-

gether before the dip disappeared altogether.

The spot size for a 2.3 mm pupil in the human eye , at a wave-

length of 555 nm , forms the basis for the 1 arc minute resolu-

tion criterion for the human eye (13); i.e., the distance from

the peak to the first zero of this image profile (which is very

close to an Airy disk) subtends 1 minute of arc in the eye.

The eye appears not to be performing any special “tricks ”

to attain this degree of resolution; Westheimer (13) has demon-

strated that under certain conditions , visual acuity can be 10

H times better than the diffraction limit.

There fore , spot sizes smaller than those measured in this

work must be formed on the re ti na under “na tu r a l ”  conditions for

the eye.

The modula tion transfer function specifie r the attenuation
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of spatial frequencies in the eye. A “ cutoff frequency ” for

a diffraction limited coherent or incoherent optical system has

a clear-cut meaning: the aperture(s) of the system prevent(s)

high-order diffracted rays (high spatial frequencies) from appear-

ing -in the “ output” of the system. Diffraction limited cutof r

frequencies for several wave len gths and various pupil sizes are

shown in Table 7.

In a n o n - d i f f r a c t i o n  l im i t ed  sys tem such as the eye , where

“ s m e a r i n g ” of s p a t i a l  f requenc ies  occurs , a d e f i n i t i o n  of a

cutoff frequency would have to consider the signal to noise ratio

of the system. In most l i nea r  ( t empo ra l )  systems such  as elec-

t ronic c i r c u i t s , a “ cu to f f  f requency ” is de f ined  as the f recue ncy

at which the power in the output signal is one-half of the power

in the signal at “mid -ba nd” , or the frequency rance in wh i ch  the

least amount of si g nal attenuation occurs.

For a “cutoff frequency ’ to have significance in terms of the

reso lu t ion  of a sys tem , i t  would have to mean a frequency at or

above which the information is indistinguishable from the noise of

a system. Measurements of contrast transmission could produce

finite contrast in high spatial frequencies if the overall bright-

ness for all spatial frequencies were high enough. Discussion

of a “ cu tof f  f r eq u e n c y” which occurs below the diffraction limit

mus t , it would seem , include consideration of the dicrimination

capabilities of the retina receptor grid as well as higher neural

process i ng capab i liti es.

“No i se ” of unknown origin , in the form of discontinuities

and sharp m i nor p eak s i n the measure d im a ges tends to (erron eousl y )
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TABLE 7

D i f f r a c t i o n  L i m i t e d  C u t o f f  Fre quencies

Pupil NM C u t o f f  Fre quen cy Cut o f f  Fre quency
Diameter Incoherent Ilium . Coherent Ilium .

Cy cles/Degree Cycles/Degree

14 mm 1155.5 76.68 153.27

3 mm 455.5 - 57.4 8 114.95

2 mm ‘4 55 .5 38.32 76.63

1 mm 455.5 19.16 38.32

‘4 mm 4 88.0 71.53  1113.06

3 mm 1488.0 53 .65 107 .29

2 mm 488.0  35.76 7 1.53

1 mm 488.0 71.53 14 3 .06

14 mm 514.5 67.85 135.69

3 mm 51 14.5 50.88 101.77

-2 mm 5114.5 33.92 67 .85

1 mm 51-4.5 16.96 33.92

4 mm 560.0 62.33 124.67

3 mm 560.0 ‘4 6.75 93.5

2 mm 560.0 31.17 62.33

- 1 mm 560.0 15.59 3 1.17

4 mm 590.0 59.16 118.33

3 mm 590.0 114.37 88.75

2 mm 590.0 29.58 59.16

1 mm 590.0 114.79 29.58 



14 mm 630.0 - 
5 5. 141 110.81

- 3 mm  630.0 41.56 
- 83.11

2 mm 630.0 27.70 55.4 1

1 mm 630.0 13.85 27.70

I -

I

- ~~~~

—— - — -  —

~~~ ~
- — — — - - 

~~~~~~~~~

--

~~~~~~~

—-

~~~~~~

—- —-- 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
--—-~~~ .~~~~~ ~~~~~~~~~~~~~ _j



— —~~~~~ ~~~~~~~~~~~~~ 
— — —.- — ---— ~~~~~~ :-

con t r ibu te  to the high spa t i a l  f requency con ten t  of the tilE.

It would appear that information regarding spatial resolution

should be derived from the widths bet’~ieen half height points

of the line and point images. The widths measured in this

work , once again , are larger than those predicted by known

capabilities of the eye.

The relatively large images obtained in this work bring

up the question of the possibl e overestima tion of eye quality

in the experiments of Campbell and G ubisch and Campbell and

Green. The psychophysical exp eriment of Campbell and Green may

indicate better than actual eye performance since some scatter-

ing or other de ci radation effects ma y he “ cancelled out” in the

process of separating the neur al and optical visual system com-

ponents. The physical experiment of Campbell and Gubisch , in

which a line image reflected off the human fundus was measured ,

deals with a “double pass ” of l i n ht rays through the eye. The

reflection at the fundus is considered to be nearly ideal , and

the eye ’ s optics are considered perfectly reversible in their

work. Any flaws in these assumptions would tend to degrade a

measured image; it is hard to imagine any effect which would

erroneously sharpen it. It is felt that these data are true

estimates of eye performance , and the measurements made in this

work indicate that the condition of the eye is poor in the ex-

perimental preparation that it is normally.

Transm i ss i on of the Ocu l a r Me di a

-The transmission of the ocular media values obtained for the

ra bbit a re som ew h a t lower than the va l ues o f Geerae ts an d Berr y,
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while the values for the monkey are somewhat h igher (See Figures

21 and 22).

Geeraets and Berry essentially measured the total trans-

mission of the eye , including scatter. The 600 micron diameter

fiber optic probe used in this work measured the direct trans-

mission of a 200 micron l/e 2 diameter bean , and scattered light

which lay within the probe aperture. The poorer quality rabb it

eye may have scattered a significant portion of the light be-

yond the probe aperture, thus making the amount of light mea-

sured inside the rabbit eye lower than the amount measured by

Geeraets and Beery .

The higher quality monkey eye probably scattered less light

than the rabbit eye; therefore , more light was incident on the

probe aperture. The quality of the monkey eye may have been

better than that of the 2 cm . focal len gth lens used to calibrate

the probe response (See Experimental Procedure section). This

would.make the transmission values for the monkey higher than

they actually are.

The variation in the individual points could be due to a

change in the imaging conditions (divergence of the beam) for

eac h measurement ;  a l so , the amount of scattered light coul d have

changed due to a change in the condition of the eye. Another

possible source of variation would be an error in power measure-

ment with the radiometer , either of power incident on the probe

(outside the eye) or incident on the cornea (with the probe inside

the eye).

The coupling of light into a fiber optic in general is diff-

er ent when the fiber i s in air and when the fiber is in water.
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The coup l ing  is p r imar i l y  in f luenced by the difference in

refractive index at the probe interface. The fiber optic

probe used in these measurements had a diffusing surface;

reflections off this surface are non-specular and do not

depend on the medium the probe is in. The response of this

pro be should be the same in water -like media as in air.
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CONCLUSIONS

The results of this work lead to the following conclu-

Si  Of lS

A f iber op t i c  probe is a useful  dev i ce  for measur ing the

relative light intensity distribution within the eye of an

anesthetized experimental animal. The minimally small images

measured were larger than those measured by others or pre-

dicted by diffraction theory . Possible reasons for the rela-

tively poor results here are (1) the lack of a proper tear

layer on the cornea in the anesthetized animal; (2) disturbance

of the corneal refractin q surface by the contact lens , which

may not have fit properly and was chan ged during the experiment;

(3) the lack of fine focusing or micro -accom odation activity in

the crystalline lens, since the ciliary muscle was paralyzed and

did not function as it does in an alert animal; and (4) possible

unknow n factors, suc h as chan ges i n i ntraocu l ar p ressu re , affect—

ing the condition of the eye in the anesthetized state of the

an i ma l. For these reasons , the errors introduced in measuring

small images reflected off the fundus in alert human subjects

are probably not due only to instrumentation and not the lack of

fine focusing. Data from visual acuity tests suggest that the

optical quality of alert monkeys is indeed comparable to that of

humans. Never the less , the results obtained here should be valid

for other experiments in which eye quality is measured , or t he

quality of the eye affects the outcome , an d the exper imen tal

an imal is anesthetized as in this work. 
-
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I A fiber optic probe is a reasonabl y accurate device for
I 

measuring the transmission of the ocular media in experimental

an i mals .  Laser s ourc es were use d i n thi s wor k , providing a limi-

ted number of wavelengths. The increased sensitivity of a broad-

band photomultiplier detector would aHow a tungsten or xenon

sourc e w ith a mo nochroma tor to be us ed , giving a more complete

- . spectral response curve.
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Cri t ical  paramet s in the st: ucl y of damage mechanisms in the
eye are the amount of light reaching the retinal tissues as a func-
tion of wavelength , and the size and shape of the relative light —

intensity distribution on the retina .

Measurements of these quantities have been reported in the
literature. Most of the measurements of the transmission of the
ocular media wore made on excised eyes and most of the measurements
of minimal retinal images were made either on excised eyes , or were
made indirectly on intact eyes by a fun~us reflective or psycho-physical technique . In this research direct , in vivo measurements
of these two quantities were made in the rhesus monkey eye.

The transmission of the ocular r,:edia, measured on a limited
number of animals , compares well with some of the best previously
reported data . The transmission was measured via a 600 micron
diameter fiber optic probe which collected all the light from a
200 micron diameter irrading laser beam. Three lasers , providing
seven wavelengths , were employed.

The minimal images measured in the monkey eye were larger than
values reported from subjective acuity tests or by diffraction
theory . Some of this poor quality could be attributed to experi—
nen tal error , but perhaps the most significant factor affecting eye
quality was the fact that the neural controls for blinking , tearing,
3nd microaccomodation , which aid the eye in forming a retinal image ,
..iere inactive in the anesthetized animal. If eye quality in the
-~xperimental preparation is indeed poor, other experiments involv-
ing fine visual detail would be similarly affected .
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